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LAYERED PRODUCTS FOR FLUXLESS
BRAZING OF SUBSTRATES

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

The present application 1s a divisional of U.S. application
Ser. No. 11/261,914, filed Oct. 31, 2005, which 1s abandoned;:

which 1s a continuation-in-part of U.S. patent application Ser.
No. 10/300,854, filed Nov. 21, 2002, which 1ssued as U.S. Pat.

No. 6,959,853 on Nov. 1, 2003; which 1s a continuation-in-
part of U.S. patent application Ser. No. 09/990,507, filed Nov.
21, 2001, which 1ssued as U.S. Pat. No. 6,815,086 on Nov. 9,
2004. The above applications and patents are hereby incor-
porated by reference 1n their entirety.

FIELD OF THE INVENTION

The invention relates to the modification of substrates for
the purpose of rendering the substrates brazeable in the
absence of a brazing flux.

BACKGROUND OF THE INVENTION

Various methods of bonding substrates are known 1n the
prior art. One bonding method which 1s used extensively in
the manufacture of heat exchanger assemblies 1s furnace
brazing, most commonly by Controlled Atmosphere Brazing
(CAB) and Vacuum Brazing (VB). Heat exchanger assem-
blies are characterized by a plurality of thin aluminum com-
ponents which are bonded together by brazing. At least some
of these components may be comprised of an aluminum braz-
ing sheet having an aluminum or aluminum alloy core layer
provided on one or both sides with an aluminum-silicon clad-
ding layer. The cladding layer has a lower melting point than
the core layer and melts during brazing to form a filler metal
which flows into the voids between the components and
solidifies on cooling, thereby bonding the components
together.

Because sophisticated rolling mill practices are required to
produce aluminume-silicon clad brazing sheet, this composite
1s more costly than conventional flat rolled sheet and strip.
Also, available alloy compositions are limited by mill product
standardization, by casting limitations, or by scrap recovery
considerations that affect the economy of the overall casting
or mill operation.

Conventional brazing alloys can be brazed 1n the absence
of a brazing tflux when at least one additional layer of a
braze-promoting metal such as nickel, cobalt or 1ron 1s
applied to the brazing sheet. Such braze-promoting layers are
usually applied by electroplating, for example as disclosed in
U.S. Pat. No. 4,028,200. If properly applied, the braze-pro-
moter reacts exothermically with the underlying aluminum-
s1licon cladding alloy, and 1s believed to disrupt the aluminum
oxide layer to permit the underlying aluminum metal to flow
together and join. However, there are environmental hazards
and liabilities associated with prior art wet electroplating
systems for deposition of fluxless braze promoters. Further-
more, there are limitations on the range of material strip or
component dimensions which can be electroplated in high
volume production. For example, the constraints of fixed size
plating cells limit the maximum plateable strip width.

There remains a need for layered products for fluxless
brazing of substrates which overcome the problems described
above which limit the usefulness of presently known tluxless
brazing products.
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2
SUMMARY OF THE INVENTION

In one aspect, the present mvention provides a brazing
product for fluxless brazing, comprising: (a) a substrate; and
(b) a filler metal-forming composition applied to the sub-
strate. The filler metal-forming composition forms a liquid
filler metal when the brazing product 1s heated to a brazing
temperature. The filler metal-forming composition com-
prises: (1) a liquid-forming layer comprising silicon, wherein
the silicon content of the liguid-forming layer 1s from about
20 to 100 percent by weight; and (11) a braze-promoting layer
comprising one or more metals selected from the group com-
prising nickel, cobalt, palladium and 1iron.

In another aspect, the present invention provides a brazing,
product for fluxless brazing, comprising: (a) a substrate; and
(b) a filler metal-forming composition applied to the sub-
strate. The filler metal-forming composition forms a liquid
filler metal when the brazing product 1s heated to a brazing
temperature. The filler metal-forming composition com-
prises: (1) a liquid-forming layer comprising silicon, wherein
the liquid-forming layer comprises one or more material lay-
ers, and wherein at least one of said material layers consists
essentially of silicon; and (11) a braze-promoting layer com-
prising one or more metals selected from the group compris-
ing nickel, cobalt, palladium and 1ron.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1to 3 are photographs 1llustrating a brazed assembly
according to a preferred embodiment of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention provides an 1n-situ filler metal form-
ing material system that may eliminate the need for separately
clad filler metal (or separately provided, for example as per-
forms, etc.), while maintaiming a fluxless brazing method.
The present invention also provides an adjustable material
braze system, so that for example, braze fillet size or fluidity
may be adjusted according to the product requirements, or on
different parts of the same product, for example opposite
sides of the same brazing sheet.

The inventors have also recognized that such a system can
be applied to provide a range of filler metal compositions so
that both low braze temperatures and normal Al—S1 braze
temperatures may be achieved in a fluxless format. The ability
to tailor the material system (filler metal and braze promoters
along with braze modifiers, bonding layers, and temperature
modifiers) provides significantly increased flexibility in
application to aluminum alloy systems that are either not now
brazeable, or not available 1n forms suitable for brazing.
These include, for mstance, high alloy content 7xxx, 2xxX,
6xxx or 8xxx series aluminum, or aluminum castings and
die-castings. Specific alloys to which a silicon liquid-forming
layer has been applied include 3003, 5052 (2.8% Mg) and
1100 alloys. The adjustable braze response characteristics are
applicable to demanding product applications, such as inter-
nal joints of heat exchangers, or brazing of intricate flow field
channels formed in metal plate fuel cell engines.

The mventors have developed deposition methods and lay-
ered brazing products, as well as ancillary methods to enable
the practical achievement of “dry” material cleaning methods
to allow preferred iline deposition processes. Successtully
demonstrated dry cleaning techniques such as plasma or 10n-
cleaning are important steps in minimizing the environmental
impact of the brazing process, and have been demonstrated to
be practical as well.
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The fluxless brazing products according to the invention
begin with a substrate, which may preferably include at least
one layer comprised of pure aluminum or any aluminum
alloy; at least one layer comprised predominantly of a metal
other than aluminum, hereinafter referred to as a “dissimilar
metal”; or at least one layer comprised of a ceramic, carbide
or nitride material. In addition, the substrate may comprise
any of the materials specifically disclosed in U.S. Pat. No.
6,815,086 and U.S. Publication No. 2003/0155409, incorpo-

rated herein by reference 1n their entireties.

The substrate preferably includes a layer of a metal
selected from the group comprising aluminum, an aluminum
alloy and a dissimilar metal. This layer forms an outermost
layer of the substrate upon which the other layers of the
product, described below, are deposited. Specific examples of
substrates are now discussed 1n greater detail below.

Where the substrate includes at least one layer comprised
of an aluminum alloy, the alloy can comprise a conventional
aluminum alloy employed in brazing such as AA3xxx-series

alloys, or may comprise other alloys such as AAIxxx,
AA2xxx, AAdxxx, AASxxx, AA6xxx, AA7xxx and
AA8xxx-series alloys or aluminum casting alloys. Examples
of specific aluminum alloy substrates include AA1xxx-series
aluminum alloys such as AA1100, AA3xxx-series aluminum
alloys such as AA3003, as well as AASxxxx and AA6XXX
series aluminum alloys. In the case of 5xxx or 6xXxxx-series
aluminum alloys, which contain 1 or 2% or even 3% magne-
sium, the diffusion of magnesium from the core into the
coating may be exploited to assist in the braze reaction, pro-
vided that a coating system using nickel as a topcoat braze
promoter 1s employed. The small amounts of magnesium that
can diffuse into the liquid filler metal during brazing may
assist the braze-promoting reaction of nickel in this case,
since magnesium 1tself 1s a braze promoter and the inventors
have discovered that the use of nickel braze promoters can
provide a synergistic benefit with materials containing small
amounts of magnesium.

Dissimilar metals for use in the substrate include one or
more of the following: copper and copper alloys such as
bronze and brass; titantum and titanium alloys; steels such as
high strength steel, low carbon steel, stainless steel, and
nickel alloy steel; and nickel and nickel alloys. These dissimi-
lar metals may preferably be coated with aluminum, nickel or
titanium. For example, copper and copper alloys may prefer-
ably be coated with aluminum, titanium, or alloys of alumi-
num or titanium; and steels may preferably be coated with
nickel or alloys thereof.

The substrate may include one or more layers of a ceramic,
carbide or mitride matenial. Examples of ceramics include
alumina and zirconia. An example of a carbide 1s silicon
carbide and an example of a nitride 1s silicon nitride. These
materials may form part of a layered structure, for example in
combination with one or more layers of aluminum, aluminum
alloys, steel, or composite materials. Examples of this type of
substrate are described 1n U.S. Pat. No. 4,602,731 1ssued on
Jul. 29, 1986 to Dockus, which 1s incorporated herein by
reference 1n 1ts entirety.

In the case of substrates containing large amounts of alloy-
ing elements, such elements might be expected to diffuse to
the surface during brazing and have deleterious eflects. As
discussed 1n greater detail below, these substrates can be
exploited according to the invention by depositing or provid-
ing suitable barrier coatings, which may include aluminum or
titanium, etc. In highly-alloyed aluminum substrates such as
high zinc 7xxx, or aluminum-lithium 2xxx or 8xxx alloys, a
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suitable low temperature filler metal system may be needed to
accommodate the depressed melting temperature ranges of
these alloyed materials.

In the products according to the present invention, a filler
metal-forming composition 1s applied on top of the substrate,
and 1s preferably applied on top of an outermost metal layer of
the substrate. The filler metal-forming composition 1s com-
prised of a liquid-forming layer and a braze-promoting layer.
The filler metal-forming composition, and specifically the
liqguid-forming layer, forms a liquid filler metal when the
brazing product 1s heated to a brazing temperature. It will be
appreciated that the substrate may also participate to some
extent in the formation of the filler metal, although this 1s not
necessarily the case. For example, the substrate may combine
with the liquid-forming layer to form a liquid filler metal
having a melting temperature lower than that of the substrate.
Theretfore, where the metal substrate comprises aluminum or
an aluminum alloy, the liquid-forming layer 1s preferably
comprised of atleast one element which forms a eutectic with
aluminum, most preferably silicon. As further discussed
below, the provision of a barrier coating between the substrate
and the liquid-forming layer may prevent the substrate from
participating to any significant extent in the formation of the
filler metal.

The liquid-forming layer preferably comprises from about
20 to 100 percent by weight silicon. More preferably, the
lower limit of silicon content in the liquid-forming layer 1s
about 30 percent by weight, and even more preferably about
50 percent by weight. The content of silicon 1n the liquid-
forming layer may for example be from about 90 to about 100
percent by weight. Moreover, the liquid-forming layer pret-
crably forms the bulk of the filler metal-forming composition,
such that above-stated compositions of the liquid-forming
layer generally apply also to the filler metal-forming compo-
sition as a whole.

The hiquid-forming layer may comprise a single material
layer or may preferably comprise a plurality of material lay-
ers of the same or different composition. According to one
preferred embodiment of the mvention, the liquid-forming
layer 1s comprised of at least one matenal layer which 1s
comprised of at least 50 percent by weight silicon. More
preferably, the liquid-forming layer 1s comprised of at least
one material layer which consists essentially of silicon, pret-
erably having a silicon content 1n an amount from about 90 to
100 percent by weight, more preferably from about 95 to 100
percent by weight.

The overall thickness of the liquid-forming layer can be
varied within a broad range, and 1s typically from less than
about 1 um to about 50 um or higher. In some preferred
embodiments of the invention, the thickness of the liquid-
forming layer 1s from about 1 um to about 30 um, and 1s
typically 1n the range from about 3 um to about 20 um, for
example about 5 um to 10 um.

The individual material layers making up the liquid-form-
ing layer and the filler metal-forming composition, including
silicon-containing layers, may preferably be deposited by
physical vapor deposition (PVD) in one or more steps,
although 1t may be preferred to use other source options, as
turther discussed below. PVD 1s understood to include sput-
tering, mcluding magnetron sputtering; electron beam (EB)
evaporation; and cathodic arc deposition. For practical ben-
efits such as rates of deposition, EB coating methods are
preferred. Cathodic arc 1s another commercial PVD system,
which may be suitable for certain metals.

In preparing layered products according to the present
invention, 1t may be preferred to use a combination of source
types, depending on the specific metals being deposited. For
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example, EB-evaporation 1s likely best for silicon, but may or
may not be best for other metals such as lead or bismuth.
However, comparatively little lead 1s required, so a sputtered
rate may be acceptable, and more ellicient use of the lead
might be possible. Nickel or other metals such as palladium
likewise do not require much thickness and other source
options might be possible, although EB-evap may still be
preferred. Sputtering of top layers may help to hold tempera-
ture of the sheet down and it puts less material on the chamber
walls and more on the substrate. Other source options include
clectroplating, electroless plating, roll bonding, thermal
spraying, kinetic energy metallization (KEM), continuous
casting, plasma spraying, and chemical vapor deposition
(CVD) or other techniques for depositing metals or metal
alloys from a gas or vapor phase, although some of these
methods may be impractical or difficult to control for some
substrates.

In preferred embodiments of the invention where a silicon
coating serves as the liquid-forming layer, the thickness of the
silicon coating will preferably be from about 3 to about 20
microns, more preferably from about 5 to about 10 microns,
when combined with the braze promoters described below.
Where braze promoters are not used, a thicker silicon coating
may be necessary to obtain equivalent braze quality; equiva-
lent braze quality may be unachievable; or a brazing flux may
become a necessary compensator. Similarly, in combination
with other eutectic formers 1t may be possible to use thinner
s1licon coatings; however 1t may be preferred that a silicon
layer of about 1 micron 1s in contact with the nickel braze
promoter.

The coated substrate 1s provided with one or more addi-
tional coatings comprised of braze promoters and optional
braze modifiers, usually after formation of the liquid-forming,
layer. An extremely thin (Trom <5 nm to about 50 nm) layer of
braze modifier 1s preferably deposited at the interface of the
liquid-forming layer and the braze-promoting layer. Pre-
terred braze modifiers are selected from the group comprising
bismuth, lead, lithium, antimony, magnesium, strontium and
copper. Bismuth and lead are preferred where the liquid-
forming layer comprises silicon and the braze-promoting
layer 1s nickel-based. The braze modifier acts as a wetting
agent which enhances the wetting and spreading characteris-
tics of the filler metal.

Too thick a layer of braze modifier may interfere with
contact of the braze-promoting and liquid-forming layers. It
may instead be preferred to locate the braze-modifier layer at
the interface between the aluminum substrate and the liquid-
forming layer, although 1t can interfere with adhesion of the
liquid-forming layer to the substrate. For example, where the
liguid-forming layer comprises silicon, an excessively thick
braze modifier layer can cause peeling of the liqud-forming,
layer in some cases due to heat transfer to the aluminum
substrate during deposition of the silicon, or due to the time of
exposure to the electron-beam source, associated radiation
from the vapor cloud, and the heat of condensation of the
silicon vapor on the substrate. To prevent this, 1t may be
preferred to apply the silicon and/or other elements making
up the liquid-forming layer as a plurality of discrete matenal
layers, with a cooling phase between the deposition of each
layer. In addition, provision may be made for substrate cool-
ing during coating, for example by contact with chilled sur-
faces on the back side of the sheet being coated, which 1s
limited by thermal transfer of matenals, contact time and
geometry.

Where lithtum 1s used as a braze modifier, it may be added
to replace or supplement another braze modifier such as lead,
bismuth or antimony. Lithium may preferably be deposited in
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an alloyed form, such as aluminum-lithium, due its extreme
reactivity, and 1s preferably present as an extremely thin alu-
minum-lithium layer which may be located underneath or on
top of the liquid-forming layer, but below the upper-most
braze promoter. If antimony 1s deposited 1t may similarly be
deposited as an alloy with aluminum or zinc, or as a constitu-
ent of a zinc-aluminum or aluminum-zinc alloy.

Preferred braze promoters include those described in U.S.
Pat. No. 6,815,086 and U.S. Publication No. 2003/0155409.
For example, the braze-promoting layer preferably comprises
one or more metals selected from the group comprising
nickel, cobalt, iron and palladium. More preferably, the
braze-promoting layer 1s nickel-based, and may preferably
comprise pure nickel or nickel in combination with one or
more alloying elements and/or impurities selected from the
group comprising cobalt, 1ron, lead, bismuth, magnesium,
lithium, antimony and thallium. Particularly preferred alloy-
ing elements include the braze modifiers bismuth, lead, anti-
mony and thallium. Specific examples of nickel-based braze-
promoting layers are nickel, nickel-bismuth, nickel-lead,
nickel-cobalt, nickel-iron, nickel-bismuth-cobalt, nickel-
lead-cobalt, nickel-lead-bismuth and nickel-bismuth-anti-
mony, with the elements making up the braze promoting layer
being listed 1n descending order according to their relative
amounts.

In some preferred embodiments of a nickel-based braze-
promoting layer, lead and/or bismuth are present in an amount
of up to about 10%, preferably up to about 5%, and more
preferably up to about 3%, although lower amounts and even
trace amounts ol these elements may also have a beneficial
clfect. For example, amounts of lead or bismuth as low as up
to about 1.0%, about 0.01 to 1.0%, or about 0.01 to 0.05%

may be beneficial.

The braze-promoting layer may be applied by electroplat-
ing, electroless plating, roll bonding, thermal spraying,
plasma spraying, KEM, continuous casting, CVD, PVD or
other techmiques for depositing metal or metal alloys from a
gas or vapor phase, subject to the above comments that some
of these methods may be impractical or difficult to control.
Electroplating using the conditions and plating baths dis-
closed in U.S. Pat. No. 6,815,086, U.S. Publication No. 2003/
0155409 and U.S. Pat. No. 4,028,200 (1incorporated herein by
reference 1n 1ts entirety) 1s a preferred method for applying the
braze-promoting layer to the coated substrate. Preferred elec-
troplating solutions utilized in the plating of the braze pro-
moting layers include solutions of nickel sulfate, nickel chlo-
ride, sodium citrate, sodium gluconate, sodium acetate,
ammonium chloride, ammonium sulfate, ammonium
hydroxide and lead acetate.

The braze-promoting layer preferably has a thickness of up
to about 2.0 microns, more preferably up to about 1.0
microns, even more preferably up to about 0.5 microns, for
example about 0.05 to 0.5 microns. A preferred minimum
thickness of the braze-promoting layer 1s about 0.25 to 0.30
microns.

The braze-promoting layer typically has a thickness which
1s considerably less than that of the liguid-forming layer such
that the braze-promoting layer makes up a minor, albeit
important, component of the filler metal. In most situations,
the braze-promoting layer has a thickness which 1s from
about 1 percent to about 25 percent of the thickness of the
liqguid-forming layer, and which 1s typically from about 3 to
about 10 percent of the thickness of the liquid-forming layer.
In terms of weight percent, the braze-promoting layer pret-
erably comprises less than 25 percent by weight of the filler
metal-forming layer, preferably less than 10 percent by
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weight, and may preferably comprise from about 1-4 percent
by weight of the filler metal-forming layer.

In order to promote adhesion of the liquid-forming layer to
the substrate, a thin bonding layer may preferably be applied
at the interface of the substrate and the liquid-forming layer.
For example, where the liquid-forming layer comprises sili-
con (optionally in combination with aluminum), a thin layer
of aluminum, silicon, zinc or a zinc-aluminum alloy having a
thickness of not more than about 1 micron 1s preferably
applied at the interface of the substrate and the liquid-forming
layer. Where the bonding layer contains zinc, the zinc may
preferably be pre-alloyed with antimony or magnesium.

The brazing product according to the invention may further
comprise a thin, transient barrier coating which 1s preferably
applied at the interface between the substrate and the liquid-
forming layer or at the interface between the substrate and the
braze-modifier layer. It1s believed that the barrier coating acts
to temporarily restrict diffusion of the filler metal (comprised
of all layers deposited on the substrate) to temporarily restrict
diffusion of elements from the filler metal 1nto the aluminum
substrate; or to limit diffusion of potentially deleterious ele-
ments from highly alloyed substrates into the liquid filler
metal.

The barrier coating preferably comprises one or more met-
als selected from nickel, titanium, tantalum, copper, niobium,
tin, lead, bismuth and aluminum. More preferably, the barrier
coating 1s comprised of nickel, nickel-lead or nickel-bismuth.
Barrier coatings comprising copper, copper-lead or copper-
bismuth may also be preferred 1n some embodiments, either
in addition to, or 1n substitution for, the nickel-based barrier
coating. The barrier coating can preferably be applied by
clectroless or electrolytic plating.

After application of the barrier coating, topcoats of braze
modifiers and/or braze promoters would be applied as above.
During brazing, the barrier coating 1s eventually consumed so
that eventual alloying with the aluminum core may occur,
while permitting most of the liquid filler metal to remain
liqguid to effect the braze joint. I the barrier coating 1s required
to prevent migration of species from the substrate into the
liquid-forming layer or vice versa, the liquid-forming layer
will need to be provided with additional material layers so
that 1t can form its own liquid without access to the substrate,
and a thicker or more resistant barrier coating may then be
used.

In one preferred embodiment of the invention, the liquid-
forming layer comprises silicon 1n combination with alumi-
num. According to this embodiment, the substrate 1s coated
with an alloy containing silicon and aluminum (eg. alumi-
num-silicon or silicon-aluminum) or sequential thin layers of
aluminum and silicon are deposited to create a desired com-
position of filler metal. Experiments suggest that a thin, initial
layer of aluminum or silicon, having a thickness of not more
than about 1 micron, i1s preferred for adhesion of liquid-
forming layers comprised of silicon and aluminum, as well as
for those comprised predominantly or entirely of silicon.
Similarly, a thin layer of silicon 1s preferably applied imme-
diately under the subsequently applied braze modifier or
braze promoter. A benefit of the sequential thin-layered
approach 1s that heating and the stress build-up 1n the coating
from the rate-determining silicon deposition step 1s reduced.
A thin layer of zinc, or an aluminum-zinc alloy, may be
substituted for the 1 micron preferred Al or S1 bonding layer
or interlayer.

In another preferred embodiment of the invention, a silicon
and aluminum-containing liquid-forming layer 1s deposited
as a pre-formed alloy of silicon and aluminum, for example an
aluminum-silicon or silicon-aluminum alloy, wherein the ele-
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ments making up the liquid-forming layer are listed in
descending order according to their relattve amounts. Where
a pre-formed alloy 1s being used, 1t may be preferable to
deposit a hypereutectic composition, 1¢ 1n the range 12-20
percent by weight silicon, or preferably greater than 20 per-
cent by weight silicon, with suitable provisions made to com-
pensate for unequal deposition rates of the two-phase alloy. It
will be appreciated that other alloy additions such as magne-
sium or copper may be added to the alloy to achieve ternary or
quaternary, etc., alloy compositions. In an alternate embodi-
ment, zinc, zinc-aluminum or aluminum-zinc may be depos-
ited 1n conjunction with the silicon coating, and the zinc may
be prealloyed with antimony or magnesium.

In yet another preferred embodiment of the mvention, a
layer of zinc, zinc-aluminum or aluminume-zinc 1s provided 1n
addition to a liquid-forming layer comprising silicon and the
braze promoters. This additional layer may preferably be
located underneath the liquid-forming layer or immediately
on top of it. Alternatively, the silicon of the liquid-forming
layer could be pre-alloyed with zinc, zinc-aluminum or alu-
minum-zinc. The use of lead or bismuth as braze modifiers
and the use of nickel braze-promoting layers may enhance the
performance of these alloys.

Example 1

The method according to the invention was applied as
follows:

Substrate: AA3003 plate (coupon), AA3003 tube.

Cleaning method: caustic cleaned plate; 1.e. etch, rinse,
desmut, rinse, dry.

Coating sequence: 3.4 um Al/0.9 um S1/3.4 um Al/0.9 um
S1/3.4 um Al/1.25 um S1/0.005 um Pb/1.5 pm Ni.

Braze Quality Very Good (Good to excellent based on 4
samples run per test)

Purpose of this coating sequence: 1) to deposit an alumi-
num-silicon alloy on the surface of the substrate, using a
sequential layer approach. This approach reduces stress in
cach coating layer, and theoretically reduces reaction dis-
tance between silicon and aluminum, for melting. It was
found that as far as brazing goes, 1t does not make much
difference whether aluminum and silicon are applied 1n
sequence, or just one layer of silicon 1n contact with the
aluminum Substrate, as long as the silicon layers are not too

thick.

Preferably, the last layer deposited 1s silicon, then a very
thin layer of braze modifier (preferably lead or bismuth) 1s
applied, followed by the braze promoter, preferably nickel.
This 1s a particularly preferred embodiment. Furthermore, 1t
1s preferred that the nickel be essentially 1n contact with the
s1licon, such that the very thin layer of lead or bismuth does
not degrade contact between the nickel and silicon, and 1n fact
it 1s speculated that the low melting bismuth or lead may
actually improve contact during brazing.

FIG. 1 illustrates the brazed plate and tube combination, at
a magnification of 3-4x. The tube 15 0.75" 1n diameter. FI1G. 2
illustrates a cross-section through the tube wall to plate joint,
at a magnification of 38x. There 1s excellent wetting and fillet
formation from the in-situ formed eutectic. FI1G. 3 illustrates
a cross-section of the layered deposit, in the as-deposited
condition, 1.e. prior to braze. It 1s possible to resolve the
individual layers shown 1n FIG. 3, with nickel on the outer-
most (upper) surface.
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EB Examples 2-12

Coating of the substrates was carried out by pretreating
approximately 4"x4" coupons of the target substrate through
various means including (a) solvent degreasing, (b) caustic
cleaning, whereby the coupon 1s immersed 1n 10% Oakite 360
ctch solution for approximately 45 seconds, tap water rinsed,
deoxidized in Oakite 125 for 10 seconds, tap water rinsed and
dried, (¢) mechanical brush cleaned with 3M 7A brushes, (d)
sputtering with an inert gas 1n vacuum, (e) 1on etching. Mul-
tilayer coatings were applied to the target surface through
clectron beam physical vapour deposition of variously pre-
pared sources. The coupons were divided into four approxi-
mately equal samples and assessed through brazing.

Coating thicknesses were assessed using a deposition rate
detector as well as microscopic (SEM) assessment of metal-
lurgical sections.

Braze tests were carried out to demonstrate the effective-
ness of the coating on a target substrate sheet. In each test,
braze quality was determined by placing the flat, cut end ol an
AA3003 O-temper aluminum tube [0.63" IDx0.73" OD, cut
to 0.5" length and ground flat on a 1.5"x1.3" coupon of target
substrate sheet and heating the arrangement in a preheated
furnace 1n a flowing mitrogen atmosphere to approximately
1100° F. for a dwell time of approximately 1 minute at maxi-
mum temperature. Braze quality was reported as excellent,
very good, good, fair and poor based on visual attribute data
such as fillet size, wetting characteristics, surface appearance,
lustre, etc.

Example 2

AAS50352 sheet samples were prepared through (a) sputter
cleaning and (b) mechanical brushing followed by deposition
of 16 um silicon to the target interface, incremental deposi-
tion to the newly formed surface of 0.03 um lead then 1 um
nickel. The coated sheet samples were subdivided into four
coupons each for individual braze assessment. Both sets of
coupons exhibited an excellent braze.

Example 3

An AA3003 sheet sample was prepared through caustic
etching followed by deposition of 16 um silicon to the target
interface, incremental deposition to the newly formed surface
of 0.03 um lead then 1.0 um nickel. The coated sheet sample
was subdivided into four coupons for individual braze assess-
ment. All coupons exhibited an excellent braze.

Example 4

An AA3003 sheet sample was prepared through caustic
etching followed by deposition of 16 um silicon to the target
interface, incremental deposition to the newly formed surface
of 0.037 um bismuth then 1.0 um nickel. The coated sheet
sample was subdivided into four coupons for individual braze
assessment. Three coupons exhibited an excellent braze,
while one exhibited a good braze.

Example 5

AA3003 sheet samples were prepared through 10n etching
for (a) 20 minutes, (b) 30 minutes followed by deposition of
16 um silicon to the target interface, incremental deposition to
the newly formed surface o1 0.03 um lead then 1.0 um nickel.
The coated sheet samples were subdivided into four coupons
for individual braze assessment. The 20 minute etched cou-
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pons exhibited two excellent and two good brazed samples.
The 30 minute etched coupons exhibited three excellent and
one good braze.

Example 6

An AA3003 sheet sample was prepared through caustic
ctching followed by deposition of 28 um silicon to the target
interface, incremental deposition to the newly formed surface
of 0.03 um lead then 1.0 um nickel. The coated sheet sample
was subdivided into four coupons for individual braze assess-
ment. All coupons exhibited an excellent braze.

Example 7

AA3003 sheet samples were prepared through caustic
ctching followed by deposition of 6 um silicon to the target
interface, incremental deposition to the newly formed surface
of 0.03 um lead then (a) 0.05 um mickel on one sheet and (b)
1.0 um mickel on the second. The coated sheet samples were
subdivided into four coupons for individual braze assess-
ment. The 0.05 um coupons exhibited two excellent and two
good brazed samples. The 1.0 um coupons all exhibited an
excellent braze.

Example 8

AA3003 sheet samples were prepared through caustic
etching followed by deposition of 16 um silicon to the target
interface, incremental deposition to the newly formed surface
of (a) no lead or nickel on the first and (b) 0.03 um lead then
1.0 um mickel on the second. The coated sheet samples were
subdivided into four coupons for individual braze assess-
ment. The non-lead/nickel coupons exhibited two good, one
fair and one poor brazed sample. The lead-containing sample
exhibited two excellent and two good samples.

Example 9

AA3003 sheet samples were prepared through caustic
ctching followed by incremental deposition of alternating
layers of aluminum and silicon as follows 2.0 um Al, 1.8 um
S1,4.0um Al 1.8um S1,4.0 um Al, 1.75 um S1 um to the target
interface and subsequent deposition to the newly formed sur-
face of (a) 0.05 um nickel and (b) 0.01 um lead then 0.5 um

nickel. The coated sheet samples were subdivided into four
coupons for individual braze assessment. Three of the non-
leaded samples exhibited a fair braze and one sample exhib-
ited a poor braze. The leaded samples all exhibited an excel-
lent braze.

Example 10

An AA3003 sheet sample was prepared through caustic
ctching followed by deposition of 10 um zinc to the target
interface, incremental deposition to the newly formed surface
of 0.25 um nickel. The coated sheet sample was subdivided
into four coupons for individual braze assessment. All cou-
pons exhibited fair braze.

Example 11

An AA3003 sheet sample was prepared through caustic
ctching followed by deposition of 25 um zinc to the target
interface, incremental deposition to the newly formed surface
01 0.5 um silicon and 0.25 um nickel. The coated sheet sample
was subdivided into four coupons for individual braze assess-
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ment at 1100° F. Three coupons exhibited a good braze. Two
coupons of the same composition were brazed at 1000° F. and
exhibited a good braze.

Example 12

An AA3003 sheet sample was prepared by a novel combi-
nation of 10n cleaning with oxygen for 3 minutes followed by
a 30 minute 1on etch then deposition of 5 um silicon to the
target interface, incremental deposition to the newly formed
surface o1 0.03 um lead then 1.0 um nickel. The coated sheet
sample was subdivided into four coupons for individual braze
assessment. All coupons exhibited a very good braze.

Although the mvention has been described in connection
with certain preferred embodiments, it 1s not limited thereto.
Rather, the mvention includes all embodiments which may
fall within the scope of the following claims.

What 1s claimed 1s:

1. A brazing product for fluxless brazing, comprising:

(a) a substrate comprising aluminum or an aluminum alloy;
and

(b) a filler metal-forming composition applied to the sub-
strate, wherein the filler metal-forming composition
forms a liqud filler metal when the brazing product 1s
heated to a brazing temperature, and wherein the filler
metal-forming composition comprises:

(1) a iquid-forming layer comprising a plurality of mate-
rial layers consisting of aluminum and a plurality of
material layers consisting of silicon, wherein the alu-
minum and silicon layers are arranged in alternating
order within the liquid-forming layer; and

(11) a braze-promoting layer comprising one or more
metals selected from the group comprising nickel,
cobalt, palladium and 1ron.

2. The brazing product according to claim 1, wherein the
liquid-forming layer 1s applied on top of the substrate and the
braze-promoting layer 1s applied on top of the liquid-forming,
layer.

3. The brazing product according to claim 1, wherein the
substrate comprises at least one layer of said aluminum alloy,
and wherein said aluminum alloy 1s selected from the group
consisting of AA1xxx, AA2xxX, AA3IXxX, AA4xxxX, AASXXX,
AA6xxx, AATxxx and AA8xxx-series alloys, and aluminum
casting alloys.

4. The brazing product of claim 3, comprising an aluminum
brazing sheet or an aluminum casting clad with said filler
metal-forming composition.

5. The brazing product of claim 1, wherein the substrate
comprises at least one layer of a dissimilar metal selected
from the group consisting ol copper, copper alloys such as
bronze and brass, high strength steel, low carbon steel, stain-
less steel, nickel alloy steel, titanium and titanium alloys.

6. The brazing product of claim 5, wherein said dissimilar
metal layer 1s selected from the group consisting of copper,
copper alloys, high strength steel, low carbon steel, stainless
steel, nickel alloy steel, and wherein the dissimilar metal layer
1s coated or plated with a metal selected from the group
consisting of aluminum, titantum and nickel.

7. The brazing product of claim 1, wherein the substrate
includes at least one layer comprising a ceramic, a carbide or
a nitride.

8. The brazing product of claim 1, wherein the liquid-
forming layer has a thickness of from about 1-50 um.

9. The brazing product of claim 1, wherein the liquid-
forming layer has a thickness of from about 1-30 um.
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10. The brazing product of claim 1, wherein the liquid-
forming layer has a thickness of from about 10-20 um.

11. The brazing product of claim 1, wherein the liquid-
forming layer has a thickness of from about 5-10 um.

12. The brazing product of claim 1, wherein the liquid-
forming layer comprises from 30 to 90 percent by weight
silicon.

13. The brazing product of claim 1, wherein the liquid-
forming layer comprises from 50 to 90 percent by weight
silicon.

14. The brazing product of claim 1, wherein an outermost
one of said alternating layers, which 1s applied directly under
the braze-promoting layer, comprises silicon.

15. The brazing product of claim 14, wherein said outer-
most silicon layer has a thickness of about 1 um.

16. The brazing product of claim 1, wherein the braze-
promoting layer comprises nickel.

17. The brazing product of claim 16, wherein the braze-
promoting layer further comprises one or more alloying ele-
ments selected from the group comprising cobalt, 1ron, lead,
bismuth, magnesium, lithium, antimony and thallium.

18. The brazing product of claim 16, wherein the braze-
promoting layer comprises anickel-based alloy selected from
the group consisting of nickel-bismuth, nickel-lead, nickel-
cobalt, nickel-bismuth-cobalt, nickel-lead-cobalt, nickel-
lead-bismuth and nickel-bismuth-antimony.

19. The brazing product of claim 1, wherein the braze-
promoting layer has a thickness 01 0.05 to about 1.0 microns.

20. The brazing product of claim 1, wherein the filler
metal-forming composition further comprises a braze modi-
fier layer located at an interface between the liquid-forming
layer and the braze-promoting layer or at an interface between
the substrate and the ligmid-forming layer, wherein the braze
modifier layer comprises one or more metals selected from
the group consisting of bismuth, lead, lithium, antimony,
magnesium, strontium and copper.

21. The brazing product of claim 20, wherein the braze
modifier layer has a thickness of from about 5 to 50 nanom-
eters.

22. The brazing product of claim 20, wherein the braze-
promoting layer comprises nickel and wherein the braze
modifier layer comprises bismuth or lead.

23. The brazing product of claim 20, wherein the braze
modifier layer comprises lithium which 1s deposited 1n the
form of an aluminum-lithium alloy.

24. The brazing product of claim 20, wherein the braze
modifier layer comprises antimony which 1s deposited in the
form of an alloy with aluminum or zinc.

25. The brazing product of claim 1, wherein the filler
metal-forming composition further comprises a bonding
layer which 1s located at an interface between the substrate
and the liquid-forming layer, and wherein the bonding layer
comprises one or more elements selected from the group
consisting of aluminum, zinc and silicon.

26. The brazing product of claim 235, wherein the bonding,
layer has a thickness of about 1 micron.

277. The brazing product of claim 1, further comprising a
barrier coating to temporarily restrict diffusion of silicon
from the liquid-forming layer into the substrate, wherein the
barrier coating comprises one or more elements selected from
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the group consisting of nickel, titanium, tantalum, copper, 29. The brazing product of claim 1, wherein the braze-
niobium, tin, lead, bismuth and aluminum, and wherein the pl’O'IllOtiIlg layer comprises no more thqg 25 percent by
barrier coating is located between the substrate and the liquid- weight of the filler metal-forming composition.
forming layer. 30. The brazing product of claim 1, wherein the silicon

5 content of the filler metal-forming composition as a whole 1s

28. The brazing product of claim 1, wherein the braze- not less than about 20 percent by weight.

promoting layer has a thickness of no more than 25 percent of
a thickness of the liquid-forming layer. I N
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